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By means of electrical transport measurements we have studied the rectified motion of vortices in ratchet
potentials engineered on over-damped Josephson junction arrays. The rectified voltage as a function of the
vortex density shows a maximum efficiency close a matching condition to the period of the ratchet potential
indicating a collective vortex motion. Vortex current reversals where detected varying the driving force and
vortex density revealing the influence of vortex-vortex interaction in the ratchet effect.
PACS numbers: 74.75.Qt, 74.81.Fa, 05.60.-k, 85.25.Na
The rectification of motion by asymmetric periodic poten-
tials, so called ratchet effect, has been addressed extensively
in recent years [1–3]. The suggestion that directed motion in
biological systems is driven by this effect have largely trig-
gered the research in this subject [4]. In this letter we address
this subject by studying superconducting vortices which has
been proven to be a paradigm for testing a number of statis-
tical phenomena due to the ability of controlling density and
interactions. The ratchet effect on superconducting vortices
has been studied for numerous vortex pinning potentials [5–
8] and suggested as a method to reduce vortex density or even
generate lensing and guidance of vortices [9, 10]. In Joseph-
son junction arrays (JJA) and SQUIDs, asymmetric potentials
for vortices and fluxons were also proposed and studied [11–
13]. In this letter we present measurements on JJAs where
asymmetric periodic pinning potential were created. We were
able to detect rectification in the vortex motion and study the
ratchet effect. By changing the periodicity of the potential we
were able to study collective effects in this phenomena.
FIG. 1: Scanning electron microphotograph of a region of the sam-
ple V15. Light grey regions are Pb superconducting islands, and
dark grey regions are Cu underneath. Lattice parameter is 5µm, and
junction gap varies from 0  2 to 1µm.
Our JJAs were fabricated by e-beam lithography and Ar

ion milling starting from a 2000A˚/2000A˚ Lead-Copper bi-
layer. The gap between Pb islands was modulated with a saw-
tooth function across the arrays from 0  2 to 1µm, while keep-
ing 5µm as the center to center distance between islands. In
all cases sample size were 100  100 islands. Different sam-
ples with periods of the ratchet potential P  7, 10 and 15
array cells were built maintaining the overall width of the ar-
ray constant (hereafter called V7, V10 and V15 respectively).
In Fig. 1 we show a scanning microscope picture of a repre-
sentative region of one of the samples.
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FIG. 2: Upper part: Scheme of the ratchet JJA with modulated cou-
pling energy EJ . The crosses represent the Josephson junctions, with
its width proportional to the magnitude of EJ . Lower part: Potential
energy of a vortex in a ratchet JJA as a function of position, obtained
by numerical simulations. Array size N  60; P  10; coupling en-
ergy EJ varies linearly from 0  5 to 1  4.
Due to the discreteness of the JJA the energy associated
with a single vortex is position dependent [14]. This feature
is responsible for the existence of a finite critical force for the
vortex motion (made evident through a critical current) and is
responsible for the guiding of vortices [15]. To obtain an in-
sight on the energy landscape for a vortex in these ratchet JJAs
2we performed a series of numerical simulations. We modeled
a square array of superconducting islands connected by ideal
Josephson junctions of coupling energy EJ . No resistive or
capacitive terms were considered. Every junction energy can
be summed to give the Hamiltonian
H  ∑
  i  j 
E i  jJ

1  cos  ϕi  ϕ j  Ai j 
	
where ϕi stands for the phase of the superconducting order pa-
rameter in the island i, the sum is taken over nearest-neighbor
pairs, Ai j  2piΦ0 
i
j Ad l, A is the vector potential, and E
i  j
J em-
bodies the modulation of the coupling energy to build the
ratchet potential. This Hamiltonian assumes an infinite pene-
tration depth of the magnetic field, λ  ∞ (no self fields are
taken into account). Within this model the arctan aproxima-
tion has been used to construct the phase configurations of a
vortex in a homogeneous JJA, and from there, the energy land-
scape is calculated [16]. It is difficult to generalize this atan
procedure to an inhomogeneous JJA, where coupling energies
vary from one junction to the other. For our ratchet arrays we
used a variation of a numerical relaxation technique [16, 17]
to calculate the potential energy of the vortex. First we intro-
duce a vortex by using the arctan approximation as an initial
condition. Then, we let the phases ϕi to relax to the equi-
librium configuration following a Metropolis algorithm. As a
result we obtain the phase configuration and energy of a state
corresponding to a vortex located on the bottom of a potential
well [17]. To obtain the energy of states other than these local
minima, we introduced a variation to the previous procedure
[18], in which we fix and control the phase of two islands, ad-
jacent to the vortex center, while allowing all other phases in
the system to relax. In this way, we are able to pull and push
the vortex uphill, as we are forcing the center of rotation of the
vortex currents to be in a defined location, allowing us to cal-
culate the potential energy of a vortex located in any arbitrary
position. Using this method we have numerically calculated
the single vortex potential for a linear sawtooth coupling en-
ergy dependence across the array, for zero magnetic field. The
result of this calculation shows clearly the almost ideal ratchet
landscape, as seen in lower part of Fig. 2, supporting the idea
of using gap-modulated JJAs to create a ratchet potential.
The temperature dependence of the coupling energy for
a superconductor-normal-superconductor (S/N/S) Josephson
junction is well described by the de Gennes expression:
EJ  T  
h¯
2e
I0  1  T  T0  2 exp  d  ξN  T 
where I0 represents the zero temperature critical current, T0
the critical temperature of the superconducting electrodes, d
the distance between superconductors, and ξN  T   ξ0  T
the coherence length in the normal metal. In our sample de-
sign, where the parametrized magnitude is d, the landscape
of the vortex potential is temperature dependent. However,
due to the dependence of the coupling energy with the gap be-
tween islands, the asymmetry of the ratchet-like potential is
preserved for all non-zero temperatures.
FIG. 3: V/I as a function of the frustration of the sample V10 for
a temperature of T  3  2K and for positive and negative dc current
I  0  4mA. The difference in the resistance between both current
directions is evident, indicating the rectification of the vortex motion
in the array.
FIG. 4: Rectified voltage as a function of frustration and ac current
for sample V7 at T  3  8K and ν  1kHz. Regions dashed diag-
onally upper-left to lower-right (blue, dense) indicate negative volt-
age values. Regions dashed diagonally lower-left to upper-right (red,
sparse) indicate positive voltage values. Contour lines are drawn ev-
ery by 30nV. Regions c, d correspond to matching states of densities
N  1  P (see text).
In order to test the rectifying efficiency of the designed sam-
ples, we have performed I-V measurements with the force ex-
erted by the current either forward or backward to the saw-
tooth potential. In Fig. 3 we show V/I data of the sample V10
as a function of the magnetic flux in the sample, for both cur-
rent directions, for a temperature of 3  2K and an applied cur-
rent of 0  4mA. The magnetic flux is expressed as frustration
f , defined as the applied magnetic flux in units of flux quan-
3tum Φ0 per plaquette (5  5µm2). This plot reveals a num-
ber of interesting features. It is clear the periodicity of the
data with integer numbers of frustration, and the minimum at
f  1  2, associated to symmetries of the Hamiltonian that de-
scribes a JJA [19]. This periodicity is convoluted by the single
junction effect due to the design of our arrays where the area
of a single junction is about 5-20% of the array cell area. The
difference in the resistance between both current directions is
evident from the plot, indicating the rectification of the vortex
motion in the array. A distinguishied result of this measure-
ments is the change of sign in the difference between both
resistances each half period. This is a direct consequence of
the periodicity of the Hamiltonian with the magnetic field. In
terms of vortex excitations it can be explained by considering
the sign of the driven vortices: from f  0 to f  1  2 the vor-
tex ensemble consists of a discrete number of positive vortices
which will be dragged by the asymmetric potential toward the
forward direction. On the other hand from f  1  2 to f  1
the much more dense vortex ensemble can be regarded as neg-
ative vortices in a fully filled static background of positive vor-
tices. Both types of vortices have the same pinning landscape
as it is mainly dominated by the geometry of the array. There-
fore either positive and negative vortices are dragged toward
the same direction by the ratchet potential. However the in-
duced voltage from vortex motion depends on the vortex sign.
This means that if a positive vortex moving to the right in-
duces a positive voltage, a negative vortex moving to the right
will generate a negative voltage. The mirrored effect happens
for negative frustrations. From f  0 to f   1  2 the net
motion is from an ensemble of negative vortices, and from
f   1  2 to f   1 corresponds to positive vortices moving
in a negative-vortex background. Although this picture for the
vortex structures has been presented in previous works [20] to
our knowledge this is the first experimental evidence for the
sign of the mobile vortices.
We have also driven the system as a rocking ratchet[3], by
applying an alternating current of varying amplitude and fre-
quency while detecting the rectified dc induced voltage as a
function of frustration or temperature. This is similar to make
the subtraction of both data sets of Fig. 3 but with an overall
increase in speed and the signal-to-noise ratio of the acquisi-
tion. In Fig. 4 we plot as two dimensional graph the magnitude
of the rectified voltage as a function of the frustration and ap-
plied ac current for the sample V7 at a temperature of 3  8K.
A frequency of ν  1kHz was used for the measurements pre-
sented here. Other frequencies were also explored, and the
same results were obtained within the region of frequencies
from 10Hz to 100kHz. Similar plots were obtained for sam-
ples V10, and V15 and other temperatures, always present-
ing equivalent features to those described hereafter. At low
currents, I  1mA for data shown in Fig. 4, no voltage is de-
tected because the ac current is lower than the critical current,
and no vortex movement is generated. This fact was veri-
fied measuring V-I characteristics under the same conditions
and observing that the onset of both voltages (rectified from
the ac experiment and from the VI measurement) coincides.
FIG. 5: Peak structure in the rectified voltage as a function of the
frustration normalized by the inverse of the ratchet potential period
P, for the three samples V7, V10 and V15. V7: T  3  8K, I  3mA.
V10: T  2  6K, I  2  1mA. V15: T  2  8K, I  5mA.
At higher currents a periodic in field complex response is ob-
served with voltage reversals as varying magnetic field (vortex
density) and ac current (driving force).
At low vortex densities a pronounced structure is observed,
for frustration f  1  7 labeled c and d in Fig. 4. It is also
seen at f   n  1  7

, with n   1. Similar feature is found
for the V10 and V15 samples with position of the maximum
located in f  1  P. This is clearly shown in Fig. 5 where the
rectified voltaje is plotted as a function of frustration times P
for the three samples investigated. The applied ac current se-
lected for each sample was chosen to cross the absolute max-
imum at the given temperature. For example, the sample V7
and T  3  8K we present data for Iac  3mA, as could be es-
timated from Fig. 4. The overlap of the curves is remarkable
indicating that there is a optimal rectification of the vortex mo-
tion when there is a matching condition between the moving
vortex structure and the periodic ratchet potential.
Based on the matching condition for a peak at fmax  1  P
for a sample of period P of the ratchet potential, we can es-
peculate that the moving structure would be similar to a row
of adjacent vortices located at the bottom of every tooth of the
sawtooth potential. It is difficult to predict which is the vor-
tex configuration as a function of frustration for such ratchet
arrays. Therefore it is not trivial to describe which is the
matched state responsible of the observed rectification and dy-
namical numerical simulations would be required to elucidate
this issue.
A more complex interpretation is required to analyse the
sign reversal observed at lower currents in the regions indi-
cated as a and b in Fig. 4. The fact that this feature is ob-
served for high densities can be taken as an indication that
vortex-vortex interactions overcome the geometrical potential
landscape and effectively change the shape and asymmetry of
4the ratchet potential. A change in the structure of the vortex
system occurs on dynamical phases[21], changing the vortex-
vortex interactions. As a result a sign reversal of the recti-
fied motion can arise at high vortex velocities. More experi-
ments complemented with dynamical simulations are required
to give a more detailed explanation of these features.
In conclusion we have presented a design of Josephson
junction arrays that generates a sawtooth-like potential for
vortices and antivortices. Transport measurements indicate a
rectified motion for these excitations. These experiments also
clearly identify for the first time the sign of the transported
vortices which changes as a function of frustration. Measure-
ments performed in samples with different periodicities of the
sawtooth potential show that there is a maximal rectification
of the vortex motion for a matching condition of the vortex
density to the ratchet periodicity. Our results indicate that
collective effects are relevant for understanding the motion of
particles in ratchet potentials. It was suggested [9] that the
ratchet effect can be used to reduce the vortex density in su-
perconductors. Our results widen this suggestion showing the
possibility of the utilization of potentials with different peri-
odicities for density separation.
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